This work addresses to the preparation of biocomposites resulting from the combination of different biodegradable aliphatic polyesters with cork (30 wt.%). The lignocellulosic biomass with closed cellular structure was compounded with poly(L-lactic acid) (PLLA), polyhydroxybutyrate-co-hydroxyvalerate (PHBV), poly-e-caprolactone (PCL) and starch-poly-e-caprolactone (SPCL) blend using a twin-screw extruder prior to injection moulding into tensile samples. The physico-mechanical and thermal properties of the matrices and the bio-based cork composites were investigated. This study shows that the addition of cork contributes to produce lightweight materials using PLLA and PHBV matrices and promotes an increase on the stiffness of PCL. The fracture morphology observations showed good physical cork-matrix bonding with absence of voids or cavities between cork and the bio-based polyesters. Cork increases the crystallinity degree of the biocomposites. These findings suggest that the cork-polymer biocomposites are a viable alternative to develop more sustainable composite materials, such as automotive interior parts and bio-based caps for wine bottles as it has been shown as proof-of-concept.
Introduction
Lignocellulosic biomass represents a renewable, biodegradable, lightweight, abundant and cheap source of raw materials, making them attractive for the development of sustainable products [1] [2] [3] [4] . Cork is the outer bark of an oak tree known botanically as Quercus suber L.; being the major chemical constituents suberin (33-50%); lignin (13-29%); polysaccharides, (6-25%); and extractives (8.5-24%) [5, 6] . Cork reveals an anisotropic closed cellular structure as shown in Fig. 1 .
It is composed of an aggregate of cells, about 42 million per cubic centimetre [7] . Cork is a lightweight material, viscoelastic and impermeable to liquids or gases, good thermal, acoustic and electrical insulator, sound and vibration insulator and exhibits a near-zero Poisson coefficient, which found applications from the stoppers, agglomerates to aeronautics [5, [8] [9] [10] [11] [12] . Furthermore, cork composites are one of the most promising fields of cork technology [8] . The combination of cork with polymers trough melt based technologies brought added-value to cork based materials that can promote the development of a wide range of innovative applications. Studies can be found on the combination of cork and cork by-products with polyolefins such as polyethylene (PE) and polypropylene (PP) and the effect of adding coupling agent in the mechanical properties [13] [14] [15] , chemical surface modification to improve cork-polymer compatibility [16, 17] ; cork in sandwich composite structures [18] [19] [20] and hybrid cork composite reinforced with natural fibres [21, 22] . Recently, the combination of the unique properties of cork with biodegradable matrices [23, 24] was also studied aiming the production of more sustainable materials. A sustainable product is a product which will gives as little impact on the environment as possible during its life cycle [25] . Nevertheless, one of the main drawbacks pointed to composites is the low sustainability due to the separation problems of the mixed materials [25] . One interesting approach is to consider the re-manufacturing of old products or the use of biodegradable polymers, as matrices, combined usually with biofibres as the reinforcing element, to produce fully biodegradable materials, the so called biocomposites or green composites [1, 26] .
Biodegradable polymers and bio-based plastic products from renewal resources can form sustainable and eco-friendly products than can compete in the current market [2, 27, 28] . According to the market data compiled by European Bioplastics, the global production capacity of bio-based plastics is predicted to quadruple from around 1.6 million tonnes in 2013 to approximately 6.7 million tonnes by 2018 [29] . The different biodegradable polymers can be divided into 4 classes [30] : The agro-polymers (e.g. polysaccharides) obtained from biomass by fractionation such as starch and lignocellulosic products. The second and third are polyesters, obtained, respectively by fermentation from biomass or from genetically modified plants (e.g. polyhydroxyalkanoates (PHAs), including polyhydroxybutyrate (PHB)) and by synthesis from monomers obtained from biomass (e.g. polylactic acid (PLA)). The fourth family are polyesters, totally synthesized by the petrochemical process (e.g. polycaprolactone (PCL)) [1, 4, 30] . The interest on these biodegradable polymers has grown, since they present similar mechanical and thermal properties as compared with synthetic thermoplastic such as polyethylene (PE) and polypropylene (PP) [31] . The PLA and PHB reveal higher mechanical properties, with a modulus around 2.8-3.4 GPa and 1.0-2.1 GPa, respectively [2, 3, 32] . The aliphatic polyesters present proper mechanical and degradation properties that make them good candidates to replace traditional polymers on several applications [26] .
Vilela et al. [24] , showed that cork residues or chemically modified can be valorised when combined with PLA and PCL and processed by melt mixer followed by injection moulding. The developed biocomposites revealed benefits in terms of weight reduction. The aim of this study was to produce and characterize several biocomposites prepared by combining different matrices from renewable resource including, poly(L-lactic acid), (PLLA); poly hydroxybutyrate-co-hydroxyvalerate, (PHBV); PCL and starch-poly-e-caprolactone (SPCL), with granulated cork. The biocomposites were compounded through twin-screw extrusion and further processed by injection moulding. We demonstrate that by combining proper melt based technologies this study can provide information for basic properties of several cork biocomposites with potential application in new products from leisure products, to automotive and building sectors.
Materials and methods

Cork and polymer materials
Cork granules, with an average particle size 0. 
Twin-screw extrusion compounding
Prior to compounding, all natural raw materials were pre-dried at 40 (i.e. PCL and SPCL) to 70°C (i.e. PLLA; PHBV and cork) during 24 h for moisture content stabilization. All the polymers were thereafter reduced to a grain size less than 0.5 mm in an Ultra centrifugal mill from Retsch. The prepared compositions and processing conditions are summarized in Table 1 .
The raw materials were pre-mixed and further compounded in a Rondol SCF modular co-rotating twin-screw extruder (TSE) with the screws diameter of 16 mm, a length to diameter ratio (L/D) = 25 and a single strand die of 3 mm. The mixture was placed in the hopper and automatically feeded at a constant rate with a volumetric dosing unit from SHINI Plastics Technologies (Germany). The temperature profile along the barrel to the die was set according to the information present in Table 1 with the rotation screws at 50 rpm. Part of the extrudate was cooled in water bath and subsequently ground by a lab pelletizer SCHEER (Stuttgart) to produce composite pellets with length 65 mm suitable for injection moulding. Prior to this step, the produced pellets were dried in a vacuum oven at 50°C until stabilize. 
Injection moulding
The neat polymers and the biocomposite pellets were injection moulded in a Ferromatik-Milacron K85 (Germany) with 850 kN of clamping force. The injection-moulded specimens were tensile bars produced according ASTM 638, with 60 mm length, a constant rectangular cross-section of 2 Â 4 mm 2 , and a neck length of 20 mm. The produced samples were placed in polyethylene plastic bags and conditioned at ambient temperature.
Biocomposites density
The density of the bio-based injection moulded specimens was determined according to the standard ASTM D 792, using an analytical balance equipped with a stationary support for the immersion vessel using liquid propanol. Fives specimens were measured per condition.
Mechanical properties
Tensile properties of the injection moulded specimens, before and after water and soil degradation tests, were measured using an Instron 4505 Universal Machine, (USA) according to the standard ASTM D 638. The tests were conducted using a 1 kN load cell, with a gauge length of 20 mm and a crosshead speed of 5 mm min À1 until rupture. The tensile force was taken as the maximum stress in the stress-strain curve. Tensile modulus was estimated from the initial slope of the stress-strain curve (between 0.5% and 1% strain) using the linear regression method. Samples were conditioned at room temperature for at least 48 h before testing. The average and standard deviations were determined using 5 specimens per condition.
Morphology
The morphological characterization of the cork structure was examined using a NanoSEM 200 FEI (The Netherlands) scanning electron microscope (SEM).
The morphological characterization of the developed biocomposites fracture surface obtained after mechanical tests was performed using a Leica-Cambridge S-360 (UK) scanning electron microscope. In both analyses all the samples were mounted on aluminium stubs with carbon tape and then sputter coated with gold to make them conductive before being analysed.
Thermal properties
Thermogravimetric analyses (TGA) were performed to understand the degradation characteristics of the developed composites and their matrices. The thermal stability was determined using a TGA Q500 series thermogravimetric analyser (TA Instruments, USA). Experiments were performed in platinum pans, at a heating rate of 10°C min À1 from 50°C to 600°C under nitrogen atmosphere. All tests were repeated once.
Differential scanning calorimetry (DSC) measurements of all moulded specimens were assessed by DSC in a Pyris Diamond system (Perkin-Elmer) at 20°C min À1 under nitrogen atmosphere. The DSC scans were performed in bulk specimens cut from the central part of the rectangular cross-section of the tensile specimens. The glass transition temperature (T g ), cold crystallization temperature (T cc ), melting temperature (T m ) and total enthalpy (DH) of all injection moulded materials were identified. The degree of crystallinity (v c ) was calculated on the basis of a 100% crystalline a melting enthalpy of ðDH 
where DH cc is the enthalpy of cold crystallization before melting; DH m the enthalpy of melting and w is the weight fraction of the non-polymeric part in the composite. All the samples were repeated at least once.
Results and discussions
3.1. Density Fig. 2(a) illustrates biocomposites with 30 wt.% of granulated cork and the bio-based polyester specimens after injection moulding, while Fig. 2(b) shows the biocomposite pellets of SPCL/Cork after extrusion. In addition, as proof of concept, biodegradable cork composite caps for wine bottles were produced by injection moulding as shown in Fig. 2(c) .
The biocomposites reveals good aesthetic properties promoted by the cork as compared with the traditional polystyrene (PS) caps and also the possibility to be coloured with pigments. Thus, cork combined with bio-based matrices can result in a new 100% natural solution with new complex designs.
The density of the injection moulded specimens was determined in order to evaluate the effect of adding 30 wt.% of granulated cork to the biodegradable aliphatic polyesters. As observed in Fig. 3 , the addition of cork promoted a decrease of 3.9% and 1.7% on the density of the biocomposites prepared, respectively, with PLLA and PHBV. This behaviour is ascribed to the lower density of cork (i.e. 166 ± 21 kg m À3 ) as compared with the used matrices. Lower density of the cork filled biocomposites can result in increased specific mechanical properties (property/density).
Moreover, features such as, reduced weight, increased amount of renewable material, reduced material costs and the possibility to recycle are of considerable importance in the several industries (e.g. automotive). On the contrary, adding cork to PCL matrix promoted an increase of 4.5% on density of the final biocomposite. This result may be ascribed by the lower density of the unfilled PCL and by the shear produced in the twin-screw extrusion followed by the pressure applied in the injection moulding processes. As demonstrated before in the processing of cork with thermoplastic matrices [15] , the addition of cork increases highly the melt viscosity reducing the melt flow index. Thus, the two melt based processes may lead to some densification of the cork cells resulting in a higher density.
Nevertheless, by comparing the effect of adding $30 wt.% of starch to PCL (i.e. SPCL blend) and the same weight fraction of cork to the same polyester (PCL/Cork composite) on the final density, it is possible to observe that cork allows the production of lighter materials than starch ($5.1% lighter). This result reveals that the use of cork can be an environmental friendly approach to reduce the cost and promote aesthetic without compromise significantly the density of the PCL.
Mechanical properties
The tensile properties of the injection moulded biodegradable aliphatic polyesters and the biocomposites before biodegradation essays are shown in Fig. 4 .
Additionally, Table 2 indicates the values and standard deviations of the tensile properties including tensile strength, tensile modulus and the maximum strain of the materials. Two distinct groups of materials could be identified from these data. PLLA and PHBV present considerable higher stiffness and tensile strength as compared with the PCL or SPCL specimens. In opposite sides, PLLA has brittle properties, i.e. low maximum strain at break, while PCL reveals a ductile behaviour with low tensile modulus and higher strain at break. The addition of cork promoted a decrease in the tensile strength of all compositions. This decrease was more pronounced on the biocomposites prepared with PLLA. One possible explanation is the lower mechanical properties of cork as compared with the PLLA and the lower interfacial adhesion of cork with the matrix. Previous studies [13, 21, 22] performed using polyolefins as matrices, have shown that the tensile strength of corkpolymer composites (CPC) is manly dependent of three parameters: (i) the type of matrix; (ii) the compatibility between polymeric matrix and cork and (iii) cork content, whereas the tensile modulus is influenced by the cork content and processing conditions.
It should be also highlighted that, when natural cork is under tensile load in radial direction, the fracture occurs at stress values of about 1.1 MPa, corresponding to a strain of about 8% [6] . Moreover, the reduced strength of cork contributes to an inferior stress transfer between the cork-matrix and consequent lower mechanical properties.
It was also observed that the addition of cork to PLLA and PHBV reduces the tensile modulus probably due to the lower stiffness of cork as compared with the neat polyesters. The effect of the elasticity of cork particles was observed in PHBV biocomposite, were the reduction of stiffness was followed by a slight increase of the strain at break. In general, the modulus of a composite material is also related with the density of the obtained material, increasing with the increase of the density. Since cork is a foamed material, its tensile modulus is much lower, that the used bio-based polyesters: around 23.9-31.7 MPa depending of the direction [5, 6] . On the contrary, the addition of 30 wt.% of cork maintained or improved, respectively, the tensile modulus of SPCL and PCL matrices, as shown in Table 2 .
Morphology
The fracture surface after mechanical tests of the injection moulded specimens, obtained by scanning electron microscopy (SEM), are shown in Fig. 5 .
In the micrographs obtained at high magnification, it is possible to observe two distinct behaviours. The polyesters PLLA and PHBV reveals fragile fracture while the PCL and SPCL shows a ductile fracture. Regarding the biocomposites SEM micrographs, based on PLLA and PHBV matrices, the cork fracture and the absence of voids or cavities denote efficient stress transfer from the matrix when the load is applied. Thus, the results suggest good physical bonding between cork and the different bio-based polyesters without the use of coupling agent or chemical treatment. This result also confirms that the observed reduction in terms of weight in the biocomposites was obtained by the presence of cork and not by the presence of voids in the bio-based matrix or between the composite constituents after the injection moulding process. In the case of the biocomposites based on PCL or SPCL the stretching of the PCL matrix was not observed that is in accordance with the reduction of strain after the mechanical tests. Combining a matrix containing starch (SPCL) with cork resulted in a more complex biocomposite indicated as SPCL/Cork.
As show in the micrograph, the fracture reveals the negative shape of the cork cells and some micro crack between the corkmatrix not observed in the previous biocomposites. This is indicative of the lack of adhesion between the different components that compose the biocomposite, however, does not significantly compromises the mechanical properties as discussed above.
Thermal analysis
Thermogravimetric analysis (TGA)
The influence of cork on the thermal stability of the injection moulded biocomposites and the stability of the polyesters was studied by thermogravimetric analysis (TGA) essays. TGA results and the respective derivative thermogravimetric curves (DTG) are shown in Fig. 6 . The initial degradation temperature (Tonset), maximum peaks obtained in the DTG curve and the ash content are shown in Table 3 .
The thermal degradation process of PLLA, PHBV and its biocomposites occurs in only one weight loss step, while for the PCL, SPCL and its biocomposites a multi-step degradation process was observed. In the presence of cork the curves are shifted to lower temperatures indicating a small decreasing in the thermal stability of the biocomposite. The only exception was with PHBV, where the addition of cork improved the initial thermal stability. This small increase on the thermal stability occurred despite cork presented the lowest Tonset (246.3°C) as compared with the used polyester matrices (see Table 3 ). Some recent studies evidenced that the addition of nano-clay and natural fibres reduced or maintain, respectively, the thermal stability of PHBV [33, 34] . However in the present study cork promoted a slight increase in 5.5% of the initial degradation temperature. Furthermore, during the injection moulding process it was observed that PHBV presents a slower cooling rate, inducing some warping in the samples that was ameliorated by the addition of cork. The TGA curves and Table 3 showed that thermal decomposition of SPCL started at 309°C with the decomposition of starch and continued at 411°C with the degradation of the PCL fraction. Comparing the effect of cork and starch on the PCL matrix, Fig. 6(c) shows that cork revealed higher thermal stability than starch. This result was also confirmed by the DTG curve of Fig. 6(d) with the intense peaks appearing at 318.4°C for SPCL and 323.6°C for PCL/Cork.
The TGA curves and the results of Table 3 indicated that thermal degradation of biocomposites is a combined phenomenon of thermal degradation of each of the components; i.e., the selected matrix and the granulated cork. The TGA findings also suggested that cork was the last material to be degraded, showing a slower thermal degradation to the biocomposites at higher temperatures, resulting in a lower weight loss rate and higher ash content, from 6.3% up to 9.3%.
Differential scanning calorimetry (DSC)
DSC analysis also provides relevant information about the thermal and structural characteristics of materials. In this study, DSC was performed to understand the effect of the cork addition to the matrix, using for that the second heating scan. Thus, we are erasing any previous thermal story through the first heating cycle. The onset values of phase transition temperatures (crystallization temperature T c , cold crystallization temperature T cc and melting temperature T m ), glass transition temperature T g at the mid-point of heat capacity changes and enthalpies (DH cc , cold crystallization enthalpy, DH m , melting enthalpy and DH c , crystallization enthalpy) recorded by DSC of the injection moulded materials are summarized in Table 4 . The thermograms are shown in Fig. 7 .
In this study, we observed that the PLLA, PHBV and the respective biocomposites (Fig. 7(a) ) displayed on heating three main transitions: glass transition, a cold crystallization exothermic followed by a melting endothermic event. We also assessed the influence of cork on the T g of the PLLA and PHBV polyesters. It has been found that T g was slightly affected by the composition, with a small increase with the cork content, from 57.3 to 58.4°C and À0.6 to 4.6°C (see Table 4 ), suggesting confinement of the mobile amorphous phase. This finding, previously observed in the PHB using a different type of natural fibres [38] , was explained by an intermolecular interaction between carbonyl (AC@O) groups of the PHBV and hydroxyl (AOH) groups of the natural fibre that decreases the molecular flexibility of the polymer chains involved in the glass transition. The PLLA was found to present an amorphous structure that might be related with the previous DSC cooling process at 20°C/min that could prevent crystallization of the material. In the case of the PLLA thermogram, the cold crystallization temperature peak was shifted to lower temperature with the addition of cork. This agrees with the finds in the literature [39] that the presence of some lignocellulosic materials such as wood can promote the initial cold crystallization temperature of the PLLA matrix. Moreover, the thermograms of the PLLA and PHBV show a single melting temperature peak event at 160.5°C and 170°C, respectively. For the biocomposites PLLA/Cork and PHBV/Cork the maximum melting peak occurs at a high temperature being 166.4°C and 171.2°C, respectively. Moreover, for the biocomposites it was observed a second melting peak with both smaller intensity and lower temperature. The presence of two melting peaks almost completely overlapped can be associated to the presence and reorganization of a different type of crystals with higher order degree and stability [40] . The onset temperature of the crystallisation during the cooling tends to show a slight but not significant increase with the cork content in the semi-crystalline PCL and SPCL. In PCL the T c was found to occur at 29.6°C and for PCL/Cork at 29.1°C, while the SPCL and SPCL/Cork showed it at 27.5 and 28.1°C, respectively. We observed that the heat of crystallization and the heat of melting of the bio-based matrices in all the biocomposites increased with the addition of cork, indicating an improvement in the degree of crystallinity (v c ) as shown in Table 4 . These findings suggest that cork may have the ability to modify the crystallisation by increasing the number of nucleating sites in the bio-based polyesters and enhancing its crystallinity degree. This positive effect was not observed in a previous work of Vilela et al. [24] where the cork residues were compounded with bio-based matrices through a melt mixer to produce the pellets. Thus, twin-screw extrusion brings advantages in the preparation of the cork biocomposite pellets to be further used in injection moulding. Moreover, the addition of starch to the PCL reduced the crystallinity in 5.8%, thus contributing to enhancing the biodegradation.
Conclusions
This study dealt with the mechanical, morphological and thermal properties of biodegradable polyester biocomposites containing granulated cork (30 wt.%) processed by extrusion followed by injection moulding. This environmental friendly approach of using a renewable material such as natural cork, promoted a reduction of PLLA and PHBV density resulting in lightweight biocomposites. The mechanical properties shows that the use of cork does not compromise significantly the final properties under tensile load and the morphology reveals a good physical bonding of cork to the bio-based polyester matrices. The thermal properties by TGA showed that cork presents higher thermal stability than starch. Regarding the degree of crystallinity, the DSC analyses revealed an opposite effect from both fillers were starch contributed to an increase of the amorphous phase leading to a higher biodegradation. Moreover, DSC data have confirmed the positive effect on the use of cork that increases the crystallinity degree for all the used bio-based polyester matrices.
Besides the cost reduction of bio-based matrices by adding cork, it is possible to provide aesthetic characteristics, or reduce matrix weight or even increase stiffness depending of the used biodegradable polymer. Cork biocomposites are good candidates for the production of sustainable products promoting added-value to cork for a wide range of applications. [35] ; 146 J/g for polyhydroxybutyrate-co-hydroxyvalerate (PHBV) [36] and 139.5 J/g for poly-e-caprolactone (PCL) [37] . Table 3 The initial degradation temperatures, the peak temperatures, and ash content of the neat polymers and its biocomposites with cork obtained by TGA. 
